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It has been much disputed whether or not stress can

cause hair loss (telogen effluvium) in a clinically rel-

evant manner. Despite the paramount psychosocial

importance of hair in human society, this central, yet

enigmatic and controversial problem of clinically ap-

plied stress research has not been systematically stud-

ied in appropriate animal models. We now show that

psychoemotional stress indeed alters actual hair fol-

licle (HF) cycling in vivo , ie, prematurely terminates

the normal duration of active hair growth (anagen) in

mice. Further, inflammatory events deleterious to the

HF are present in the HF environment of stressed

mice (perifollicular macrophage cluster, excessive

mast cell activation). This provides the first solid

pathophysiological mechanism for how stress may

actually cause telogen effluvium, ie, by hair cycle

manipulation and neuroimmunological events that

combine to terminate anagen. Furthermore, we show

that most of these hair growth-inhibitory effects of

stress can be reproduced by the proteotypic stress-

related neuropeptide substance P in nonstressed

mice, and can be counteracted effectively by co-ad-

ministration of a specific substance P receptor antag-

onist in stressed mice. This offers the first convincing

rationale how stress-induced hair loss in men may be

pharmacologically managed effectively. (Am J

Pathol 2003, 162:803–814)

“An intense psychic shock may also exert pronounced
effects on the skin, eg, graying and generalized loss of
hair.”1 This quote from Hans Selye,1 a pioneer in research
into stress more than half a century ago reflects in laymen
and physicians the deeply rooted assumption that stress

can be associated with hair loss and changes in hair

color. Many anecdotal observations of sudden hair loss

concomitant with emotional stress have been reported

supporting the above quote.2–6 Such observations

prompted many retrospective studies, the majority of

which date back to the 1950s or 1960s.3,4,7–9 Although a

medically benign condition, hair loss (alopecia areata,

telogen effluvium) is nevertheless a significant psycho-

social issue for most of the affected patients that greatly

reduces quality of life and as such effectuates both ad-

ditional stress perception and secondary morbidity.3,10

Despite the fact that an association between stress

and hair loss is well accepted among patients and clini-

cians, it remains to be convincingly demonstrated in ap-

propriate stress models that a defined psychoemotional

stressor can actually inhibit or damage hair growth in vivo.

Moreover, in the absence of a clear-cut pathophysiolog-

ical concept, no specific pharmacological intervention is

currently available to manage stress-induced hair loss.

To be effective, any such therapeutic intervention that

attempts to counteract stress-induced telogen effluvium

or alopecia areata would have to prevent premature ter-

mination of the growth phase of the hair cycle (anagen)

and would have to inhibit the onset of catagen.11

Recently, we have introduced an animal model for

telogen effluvium that allows for the testing of whether

stress-induced hair growth inhibition is fact or fiction,

which offers the opportunity to gain insights into the

pathomechanism involved in stress-triggered hair growth

inhibition and that permits the exploration of various strat-

egies for therapeutic intervention.12 This animal model

uses mice, because they display a highly synchronized

hair cycle (which facilitates experimentation and allows to

detect even subtle hair growth alterations by stress).

Further the hair follicle (HF) cycle has nowhere been

better characterized than in mice.11,13–15 Exposure of
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mice to a well-defined experimental psychoemotional
stressor (sound stress)16 resulted in significantly in-
creased keratinocyte apoptosis and decreased keratin-
ocyte proliferation in resting (telogen) HFs in situ.12 These
data are further supported by observations from Aoki and
colleagues,17 who used a different stressor to investigate
the effect of stress on the HF, the so-called intermittent
foot shock, which prolonged the telogen stage in the
murine hair cycle and may delay exogen.17

These intriguing findings had pointed to the existence
of a brain-hair follicle axis,12 however, this pilot study had
examined only resting (telogen) HFs and did not yet
prove that stress can inhibit the growth of actually grow-
ing hair shaft producing (� anagen) HF by premature
induction of HF regression (catagen), as necessary pre-
requisite for being capable of inducing telogen effluvium
and massive catagen development, as it is seen in alo-
pecia areata (AA) in man.11,16 In the context of the an-
cient debate on whether or not, and how, stress can
negatively impact hair growth, investigating the effect of a
defined psychoemotional stressor on the cycling activity
of anagen HF in vivo and therefore remaining the imme-
diate research priority, based on the hypothesis that
stress-induced immunoactivation causes apoptosis,
which, in a rather mild expression, would lead to telogen
effluvium and in a more profound manifestation associ-
ated with dysregulation of calcitonin gene-related pep-
tide (CGRP),18 triggers alopecia areata.

Our previous pilot study had suggested that the neu-
ropeptide substance P (SP) is one candidate mediator
along the brain-HF axis because the anti-proliferation and
proapoptotic effects could be reproduced in fact by
SP.12 Also we had previously demonstrated that SP po-
tently manipulates murine HF cycling in vivo and in skin
organ cultures,19,20 making SP a particularly attractive
candidate mediator in these stress studies. After von
Euler and Gaddum21 had first described SP more than 70
years ago, much evidence has accumulated to suggest
that this undecapeptide can indeed be considered as the
prototypic stress-related neuropeptide.19–25 This con-
cept is further supported by two recent studies reporting
that when the function of SP or its receptor is genetically
disrupted, such mice show a significantly reduced re-
sponse to moderate to intense pain.26,27 In line with the
distinct pharmacological properties of various neuroki-
nins (NKs), which constitute a family of neuropeptides
that comprises SP, three distinct receptors for SP have
been cloned: the NK1 receptor, where SP is the preferred
high affinity ligand, and the NK2 and NK3 receptors.28–31

Because the NK1 receptor has become a model for how
neuropeptides and corresponding receptor-blocking
drugs interact,32 more than 30 nonpeptide NK1 antag-
onists are available to date.33–37 Availability of these
selective and sensitive NK1 antagonists now allows to
dissect the functional role of endogenous SP in stress-
associated responses, including the effects stress may
exert on HF cycling.

For this reason the present study aimed at dissecting
the impact of both stress and SP on the anagen/catagen
transition of the murine hair cycle. We used the most
studied mouse strain in hair research, C57BL/6 mice, and

CBA/J mice, which have previously been demonstrated
to be highly susceptible to stress.16,23 Specifically, we
investigated whether sound stress 1) promotes prema-
ture catagen development in anagen HFs in C57BL/6
and/or CBA/J mice with an originally synchronized hair
cycle, as it can be identified by the hair cycle score
(HCS);14,38 2) changes the physiological patterns of apo-
ptosis in situ during the anagen/catagen transformation of
HFs in both mouse strains, using terminal dUTP nick-end
labeling (TUNEL) as markers;37 3) alters the number, peri-
follicular location, and/or activation status of perifollicular
macrophages and/or mast cells in murine back skin,
assessed by quantitative (immuno-)histochemistry;39,40

4) induces changes in the skin of both mouse strains that
can be abrogated by using the highly selective NK1-
receptor antagonist (NK1-RA) RP 67580;35 5) in addition,
we tested whether SP is up-regulated in murine skin after
stress exposure and if the systemic administration of SP
alone sufficed to reproduce the observed effects of
stress on selected parameters of skin immunology and
hair biology in C57BL/6 and CBA/J mice.

Materials and Methods

Animals

Six- to 8-week-old female CBA/J and C57BL/6 mice
(Charles River, Sulzfeld, Germany) were chosen because
mice at this age show the most reliable and profound
stress response16,23 and are in the telogen stage of the
hair cycle.38 The animals were housed in community
cages at the animal facilities of the Charité, Virchow
Hospital (Berlin, Germany) with 12-hour light periods, and
were fed water and mouse chow ad libitum. Animal care
and experimental procedures were approved by the
state authority for animal research conduct (LaGetSi, Ber-
lin, Germany) and performed in compliance with guide-
lines of the LaGetSi for the use of laboratory animals.

Anagen Induction

Anagen was experimentally induced by depilation, as
previously published.13,41 Briefly, a wax/rosin mixture was
applied to the dorsal skin (from neck to tail) of mice with all
HFs in telogen, as evidenced by the homogeneously pink
skin color on the back. Peeling-off the wax/rosin mixture
removes all hair shafts and immediately induces homoge-
neous anagen development over the entire depilated back
skin area of the mouse, thus inducing a highly synchronized
anagen development. After full anagen development, the
consecutive stages (catagen and telogen) then develop
spontaneously in a relatively homogeneous wave-like
pattern starting in the neck region.

Application of Stress

The CBA/J and C57BL/6 mice were exposed to sound
stress for the duration of 24 hours starting on day 14 after
depilation, ie, when all back skin HFs were in late ana-
gen.38 The ultrasound stress was emitted by a rodent
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repellant device (Conrad Electronics, Berlin, Germany) at
a frequency of 300 Hz in intervals of 15 seconds. The
stress device was placed into the mouse cage so that the
mice could not escape the sound perception.12,16,23

Application of SP

Recombinant SP was dissolved in 2% dimethyl sulfoxide,
diluted 1:10�5 in phosphate-buffered saline (PBS) and
injected intraperitoneally at a concentration of 10 nmol/
0.2 ml, as shown to be effective,12 into nonstressed mice
as a single dose on day 14 after depilation to mimic
stress-triggered, SP-mediated effects.

Application of SP NK1 Receptor Antagonist

(NK1-RA)

In one set of experiments, the highly selective NK1-RA
named RP 67580 (Rhône-Poulenc, France) was injected
intraperitoneally at a dose of 200 �g/200 �l PBS/mouse
every other day from day 2 until day 16 after depilation in
control and stressed mice.

Tissue Preparation

On day 16 after depilation, ie, at the time when control
mice are just about to spontaneously enter the catagen
transformation of their depilation-induced anagen
HFs,15,38 all mice were sacrificed. The mice were anes-
thetized by an intraperitoneal injection of a lethal over-
dose of ketanest and perfusion-fixed with a mixture of
4% paraformaldehyde and 14% saturated picric acid
as previously described42– 44 or killed by cervical dis-
location. Skin specimens from the neck region of mu-
rine back skin were harvested parallel to the vertebral
line to obtain longitudinal sections through the hair
units, which is an essential requirement for the quanti-
tative histomorphology of the hair cycle,45 folded, deep
frozen in liquid nitrogen, and then covered with em-
bedding medium, as described in detail.40 Cryosec-
tions were then processed for immunohistochemistry
and TUNEL staining.

Quantitative Histomorphometry of HF Cycling

A previously published effective technique for follicle
classification based on the alkaline phosphatase his-
tochemistry of dermal papilla and sebaceous gland
has been performed on the tissue sections.38,41 This
allowed to accurately classify all HFs with respect to
their exact stage in the transition from anagen VI via
catagen I to VII to telogen.15 For quantification, a pre-
viously described HCS was calculated:14 every stage
of anagen or catagen was assigned to an arbitrary unit
in ascending numerical order (anagen VI, 0; catagen I,

1; catagen II, 2, and so forth). The total number of HFs
in each specific hair cycle stage was then multiplied by
its corresponding unit number. The resulting sum was
divided by the total number of HFs counted, thus de-
fining the average hair cycle stage of all HFs within the
entire examined group.

Immunohistochemistry

Immunohistochemistry was performed following pub-
lished protocols.12,40 Anti-mouse MHC class II anti-
body (ER-TR; BMA, Germany) was used in a 1:100
dilution for immunodetection of MHC-II� cell cluster
within murine skin). In brief, cryostat sections (10 �m)
were fixed in acetone (10 minutes at �20°C) and pre-
incubated with ready-to-use blocking solution (Immu-
notech, Germany), followed by an incubation with the
primary antibody. Development was performed using
diaminobenzidine. The rat anti-mouse MHC II� anti-
body was incubated for 45 minutes at room tempera-
ture, followed by rabbit anti-rat secondary antibody
(1:70, 30 minutes; DAKO, Germany), and the alkaline
phosphatase anti-alkaline phosphatase technique was
used for development.

Fluoresence Immunohistochemistry for

SP-Positive Nerve Fibers in the Skin

For visualization of nerve fibers, perfusion-fixed cryostat
sections (14 �m) were incubated overnight at room tem-
perature in a humidity chamber with the primary anti-
serum to SP (1:100, rat, monoclonal; Chemicon, Te-
mecula, CA). This was followed by an incubation of 1
hour at 37oC with tetramethylrhodamine-isothiocyanate-
conjugated F(ab)2 fragments of goat anti-rat IgG (Jack-
son ImmunoResearch, West Grove, PA) at a dilution of
1:200.46 After incubation, sections were rinsed in 0.1
mol/L Tris-buffered saline, pH 7.4, three times for 15
minutes each. After washing in Tris-buffered saline, all
sections were mounted and stored at �20oC until ana-
lyzed. Three types of negative controls were done: 1)
slides were incubated with the secondary antibody alone;
2) slides were incubated with the primary antibody after
preincubation with control peptides for the specific anti-
sera (10 to 20 �g/ml, 37°C, 1 hour; Sigma, St. Louis, MO);
3) slides were incubated with rabbit/rat IgG as primary
antibody. As positive controls, cryostat sections of whole-
mount mouse fetuses were used containing brain, spinal
cord, heart, and gut. Negative controls did not reveal
specific immunoreactivity. Sections were examined at
�400 magnification under a Zeiss Axioscope fluores-
cence microscope. The appearance of nerve fibers in
defined areas such as the epidermis, the dermis includ-
ing the arrector pili muscle, and the subcutis was as-
sessed and the number of single nerve fiber profiles in
dermis and subcutis was quantified by histomorphom-
etry, as previously described in detail.46 For each stage
of HF cycling, at least 10 microscopic fields each of four
to five different mice containing a minimum of 30 different
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HFs per mouse, were studied (ie, more than 200 micro-
scopic fields were studied for each immunocytochemi-
calreaction).

Giemsa Staining

The presence of mast cells in murine back skin was
detected using Giemsa staining (Merck, Germany). In
brief, Giemsa was applied at a 1:10 dilution with 2%
sodium borate solution for 45 minutes at room tempera-
ture. Differentiation was achieved using 0.02% acetic
acid under microscopic control, slides were dehydrated
and mounted. Mast cells were classified as degranulated
when eight or more granules could be found outside the
cell membrane.39,47

TUNEL Staining

To evaluate apoptotic cells in murine HFs, we used the
TUNEL-staining method as described before.48 Ten-�m
cryostat sections of murine back skin were freshly pre-
pared and fixed in formalin, postfixed in ethanol/acetic
acid, and incubated with digoxigenin-dUTP in the pres-
ence of terminal desoxynucleotidyl transferase (TdT), us-
ing a commercially available kit (Intergen, Germany).
TUNEL-positive cells were visualized by anti-digoxigenin
fluorescein isothiocyanate-conjugated F(ab)2 fragments,
counterstaining was performed using 4,6-diamidino-2-
phenylindole (DAPI) dye (1 �g/ml methanol; Roche, Ger-
many) in a subsequent incubation step. Finally, sections
were mounted using VectaShield (Vector Laboratories,
Germany). Negative controls for the TUNEL staining were
made by omitting TdT, according to the manufacturer’s
protocol.

Quantitative Histomorphometry and Statistical

Analysis

All sections were analyzed at �200 or �400 magnifica-
tion under a Zeiss Axioscope light microscope (Zeiss,
Germany), photo documentation was performed using a
KS400 camera (Zeiss, Germany). A mean of 79.3 single
HFs per mouse (range, 40 to 110 HFs) was assessed
from the neck region because catagen development oc-
curs here first.14,15,38 The total number of mice per group
is given in the figures. Immunoreactive cells were
counted in distinct HF compartments and around the hair
units using a scaled eye piece. A fluorescence micro-
scope (Zeiss, Germany) with appropriate excitation emis-
sion filter systems for fluorescence induced by DAPI and
fluorescein isothiocyanate were used for the detection of
apoptotic cells. The photo documentation was performed
by a digital image analysis system (ISIS Metasystems,
Altusheim, Germany). Means of all counts �SEM were
calculated. Differences were judged as significant if the P

value was �0.05 (*), P � 0.01 (**), and P � 0.001 (***), as
determined by the Mann-Whitney U/Wilcoxon rank tests.

Results

Stress Promotes Premature Catagen

Development

To test whether stress affects the timing of spontaneous
catagen induction in depilation-induced anagen HFs in

vivo, the onset of catagen development after initiation of
an experimental hair cycle was examined in CBA/J and
C57BL/6 mice exposed to sound stress compared to
nonstressed control mice. As depicted in Figure 1, a
significant increase in the progression of the hair cycle
was observed with most HFs of nonstressed mice still in
anagen VI, and the majority of HFs in stressed mice in
early catagen. Interestingly, this premature progression
was more pronounced in the stress-prone CBA/J mice
(Figure 1A), compared to C57BL/6 mice (Figure 1B). This
indicates a premature development of catagen follicles in
both mice strains exposed to stress. Representative skin
section that were used to assess the HCS of control
C57BL/6 mice are shown in Figure 2A; areas with a
significantly advanced progression of HCS (showing pri-
marily catagen IV and V HFs) are presented in Figure 2B.

Stress Increases Intrafollicular Apoptosis

This premature onset of catagen after application of
stress was independently confirmed by measuring the
intrafollicular patterns of apoptosis, because the mas-
sive, yet temporospatially highly controlled occurrence of
intraepithelial apoptosis in the HFs is a hallmark of cata-
gen development.48 As shown in Figure 3, exposure to
stress 2 days before the assessment of HFs on day 16
after depilation resulted in a significantly increased per-
centage of HF units with signs of apoptosis (TUNEL�

cells) in the bulge region of both CBA/J mice (Figure 3A)
and C57BL/6 mice (Figure 3B), which exceeded substan-

Figure 1. In both mouse strains increased vulnerability of HFs toward an
advanced catagen progression was detectable in stressed mice and could be
mimicked by injection of SP in nonstressed mice and abrogated by injection
of the highly specific NK1 receptor antagonist. The results for the CBA/J mice
are shown on the left (A) and the data for C57BL/6 on the right (B). HCS
was assessed as suggested by Maurer and colleagues.14 In brief the y axis
depicts the mean � 1 SEM of histometric score assessed on day 16 after
anagen induction. For every mouse a minimum of 100 individual HFs was
assigned to defined hair cycle stages. On the right of the graph, represen-
tative hair cycle stages for each HCS are depicted, ie, anagen VI is the
dominant hair cycle stage with a score of 0.5. **, P � 0.01. The number of
mice per group is given in the bars.
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Figure 2. The effect of stress on the hair cycle stage is depicted in A–D. A: A representative area of control mice 16 days after depilation with the majority of HFs
in anagen VI (AVI). B mirrors the effect of stress on the hair cycle stage on day 16 after depilation with HFs in catagen IV (CIV) or catagen V (CV). C: HF of stressed
mice that received injection of SP, which mimicked the effect of stress on the vulnerability of HFs toward catagen progression with HFs in catagen III to VI
(CIII-VI). D: A representative example of mice exposed to stress and treated with the NK1-RA, in which the majority of HFs were scored as anagen VI, similar
to the nonstressed control group. E–F: The effect of stress on immunocytes in murine skin. E: Distribution of MHC-II� cells in parafollicular dermis of nonstressed
mice or in similar distribution in stressed mice that received the NK1-RA (bright red staining), compared to F, increased number of MHC-II� cells in the bulge
region, forming cluster after stress exposure. Similar staining patterns were present after injection of SP. Original magnifications, �200.
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tially the physiological signs of apoptosis in catagen HFs,
as previously indicated by the so-called apoptomap.48

Because this HF region harbors the crucial population of
epithelial stem cells of the HF,49,50 these stress-induced

up-regulations of TUNEL� cells in this sensitive HF com-
partment is of particular biological importance. Similar
observations of stress-triggered increase of TUNEL�

cells were detectable in the bulb area (Figure 3, C and
D), where levels of significance were reached only in
C57BL/6 mice exclusively (Figure 3D). Absolute numbers
of TUNEL� cells in bulge and bulb region are given in
Table 1, supporting the data on percentages given in the
figures. Figure 4 shows representative examples of apo-
ptotic cells in HF bulge (Figure 4A) and bulb (Figure 4E)
of nonstressed control C57BL/6 mice, compared to HFs
with high numbers of apoptotic cells in bulge (Figure 4B)
and bulb (Figure 4F) in mice of the same strain exposed
to stress.

Stress Increases Perifollicular Macrophage

Clusters

We had previously shown that the exposure to stress
significantly boosts the occurrence of perifollicular MHC
class II� cell clusters. These MHC class II� cell clusters
represent primarily activated macrophages and are as-
sociated with a substantially higher risk of HFs to be
immunosurgically eliminated by a process termed “pro-
grammed organ deletion.”40 The current study revealed a
significant increase of HFs that displayed prominent peri-
follicular MHC class II� cell clusters (�5 cells) in both
stressed strain of mice (CBA/J, Figure 5A; C57BL/6, Fig-
ure 5B). Absolute numbers of MHC class II� cells per
12.5-mm epidermal length are given in Table 1, also
indicating the significant increase in actual cell cluster
numbers positive for MHC class II around the HF. Figure
2E shows representative immunohistochemistry of con-

Figure 3. The effect of stress on the percentage of HFs with TUNEL� cells in
bulge (A) and bulb (C) in CBA/J mice and TUNEL� cells in bulge (B) and
bulb (D) in C57BL/6 mice (mean � SEM). Exposure to stress 2 days before
assessment led to a significant increase of apoptotic cells/HF bulge (*, P �

0.05 for CBA/J; ***, P � 0.001 for C57BL/6) and bulb (***, P � 0.001 for
C57BL/6). The effect of stress on HF apoptosis in bulge could be mimicked
by injection of SP in both strains of nonstressed mice (A and B) and
abrogated by treatment with NK1-RA in the bulge region of stressed mice (A
and B). The number of mice per group is given in the bars.

Table 1. Absolute Cell Counts in CBA/J and C57BL/6 Mice (Mean � SEM)

Control Stress SP Control NK1-RA Stress NK1-RA

CBA/J mice
TUNEL� cells

Bulge* 3.4 � 1.1 7.9 � 1.71 6.9 � 1.11 3.4 � 1.1 2.8 � 0.92
Bulb† 9.7 � 2.6 13.7 � 4.7 6.9 � 2.9 2.6 � 0.7 5.0 � 1.7

MHC II�‡ 2.0 � 0.3 7.0 � 1.11 8.3 � 1.21 3.3 � 0.3 2.7 � 0.32
Mast cells

Dermis total/ 7.6 � 0.5/ 8.6 � 0.7/ 7.8 � 0.4/ ND ND
Degranulated§ 2.2 � 0.3 4.1 � 0.31 3.3 � 0.31
Subcutis total/ 3.6 � 0.4/ 4.5 � 0.5/ 3.7 � 0.4/ ND ND
Degranulated§ 1.0 � 0.2 1.9 � 0.21 1.3 � 0.2

C57BL/6 mice
TUNEL� cells

Bulge* 6.7 � 1.8 15.2 � 1.71 21.7 � 31 2.1 � 0.4 7.5 � 2.12
Bulb† 6.2 � 1.1 14.8 � 5.01 22.0 � 31 6.4 � 1.1 8.2 � 1.32

MHC II�‡ 4.7 � 0.6 11.8 � 0.81 8.5 � 0.91 7.0 � 1.8 5.3 � 0.52
Mast cells

Dermis total/ 6.8 � 0.4/ 6.7 � 0.9/ 5.7 � 0.4/ ND ND
Degranulated§ 0.7 � 0.1 4.1 � 0.91 2.5 � 0.31
Subcutis total/ 2.9 � 0.3/ 3.0 � 0.2/ 2.5 � 0.3/ ND ND
Degranulated§ 0.3 � 0.1 1.8 � 0.21 1.8 � 0.21

*Bulge area of anagen VI/catagen I follicles covers 40-�m2 tissue.
†Bulb area of anagen VI/catagen I follicles covers 60-�m2 tissue.
‡Number of cell clusters per 12.5-mm epidermal length.
§Classified as degranulated when eight or more granules were seen outside the cell membrane.
ND, Not determined.
1, Significant increase compared to nonstressed control (P � 0.05).
2, Significant decrease compared to stressed, non-NK1 RA-treated group (P � 0.05).
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trol HFs with low numbers of perifollicular MHC II� cells in
nonstressed C57BL/6 mice. For comparison, an example
of high numbers of perifollicular MHC II� cells in stressed
C57BL/6 mice is depicted in Figure 2F.

Stress Stimulates Mast Cell Degranulation

Mast cells have been shown to play a key role in the

neuroimmunological linkage of stress to defined in-

flammatory events.51–53 We therefore evaluated acti-

vated (degranulated) mast cells in the current stress

model. Interestingly, a significantly increased percent-

age of degranulated mast cells was seen in the dermis

(Figure 6A) and in the subcutis (Figure 6C) of stressed

CBA/J mice. Similar observations were made with

C57BL/6 (Figure 6, B and D) after exposure to stress.

Absolute numbers of total and degranulated mast cells

in dermis and subcutis are given in Table 1, indicating

that the total number of mast cells did not significantly

differ among the groups.

Figure 7A and, at a higher magnification in B, show a

representative example of nondegranulated (nonacti-

vated) mast cells (white arrow) in the dermis near a HF in

the skin of control C57BL/6 mice, compared to the de-

granulated (activated) mast cells in stressed C57BL/6

mice (purple arrow), where extracellular granules can be

seen in the dermis (Figure 7, C and D).

Figure 4. The effect of stress on HF keratinocyte apoptosis in bulge (A–D) and bulb (E and F) region in dermis of C57BL/6 mice. A and E: TUNEL staining in
dermis of control mice, very few apoptotic cells can be observed in bulge (A) or bulb (E). HF keratinocyte nuclei appear in bright blue, resulting from DAPI
counterstaining. B and F: Stress exposure 2 days before TUNEL staining caused an increase in apoptotic cells in the bulge (B) and bulb (F) region of the HF, as
depicted by green fluorescence and pointed out in one case with an arrow. C and G: Injection of SP simulated the effect of stress in nonstressed C57BL/6 mice
by causing an increase in apoptotic cells in the bulge (C) and bulb (G) region of the HF, as depicted by green fluorescence. D and H: HF from a stressed C57BL/6
mouse treated with NK1-RA. No signs of apoptosis in bulge (D) and bulb (H).

Figure 5. The effect of stress on the percentage of HFs with MHC-II�

perifollicular cell cluster in CBA/J (A) and C57BL/6 (B) mice (mean � SEM).
Exposure to stress 2 days before assessment led to a significant increase of
MHC-II� cells cluster (***, P � 0.001 for both strains). Injection of SP in
nonstressed mice mirrored the effect of stress in both strains and injection of
NK1-RA abrogated the effect of stress on number of MHC-II� cells cluster in
CBA/J (A) and C57BL/6 (B) mice (***, P � 0.001 for both strains). The
number of mice per group is given in the bars.
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Stress Exposure Up-Regulates Protein

Expression of SP Nerve Fibers in Dermis

To directly prove that exposure to stress affects the den-
sity and expression pattern of neuropeptide in skin, we
included perfusion-fixed mice and demonstrated that
stress indeed triggered a significant increase of SP-pos-
itive nerve fibers in dermis and in subcutis, whereby in
subcutis, levels of significance could not be reached
(P � 0.064) (Figure 8). Fluorescence immunohistochem-
istry of SP nerve fibers (delicate red lines) in the dermis
(bulge area) of nonstressed mice is presented in Figure
7. A mast cell appears in bright green. Figure 7H depicts
SP nerve fibers in the dermis (bulge area) of a mouse
exposed to stress. In this section, an increase in mast cell
number can also be observed. Interestingly, we fre-
quently observed SP-positive nerve fibers in the direct
vicinity (�2 �m) of mast cells in dermis and subcutis
(Figure 7G) of stressed mice. Figure 7H shows the higher
magnification of the stippled square in Figure 7G.

Stress-Induced Premature Catagen

Development, Intrafollicular Apoptosis, and

Deleterious Inflammatory Events around the HF

Are Reproduced by Injection of SP

Next, we wished to determine whether the effects of

stress on premature catagen development and intrafol-

licular apoptosis could be reproduced by systemic

injection of one key modulator implicated in stress

responses, the neuropeptide SP. CBA/J or C57BL/6

mice received a single intraperitoneal injection of re-

combinant SP 2 days before skin harvesting. As pre-

sented in Figure 1, A and B, a significant hair cycle

progression toward catagen could be induced by in-

jection of SP in both strains of mice in absence of the

experimental stressor, thus mimicking the effect of

stress. Histology of a representative area of catagen III

to IV HF is given in Figure 2C.

As shown in Figure 3, A and B, a significant increase of

TUNEL� HFs was indeed seen after SP injection in the

bulge region in both (nonstressed) mouse strains, simu-

lating the highly significant increase of apoptotic cells

triggered by stress. The effect of SP injection on apopto-

tic cells in the bulb region showed similar tendencies,

however, levels of significance were only reached in

C57BL/6 mice (Figure 3, C and D). Representative bulge

or bulb areas of SP-injected C57BL/6 mice are shown in

Figure 4, C and G, respectively.

SP mimicked the effect of stress exposure on the per-

centage of HFs with MHC II� cell cluster in CBA/J and

C57BL/6 mice (Figure 5, A and B) and further simulated

the effect of stress on the activation status of mast cells in

dermis in both strains (Figure 6, A and B) and in subcutis

for C57BL/6 mice (Figure 6D).

NK1 Receptor Antagonist Normalizes Most

Stress-Induced Alterations

Further, we investigated whether co-administration of a

SP receptor antagonist in stressed mice would abrogate

the effects of sound stress on catagen induction and

intrafollicular apoptosis. Injection of the highly specific

NK1-RA significantly down-regulated the effects of stress

on the premature progression of catagen in both mouse

strains (Figure 1, A and B, and Figure 2D for histology).

The same was true for intrafollicular apoptosis in the

bulge (Figure 3, A and B) of both strains and in bulb

region of C57BL/6 mice (Figure 3D). Representative his-

tology is shown in Figure 4, D and H.

The effect of stress exposure on the percentage and

number of MHC II� cell clusters could be significantly

abrogated by NK1-RA in both mouse strains (Figure 5, A

and B). Because we previously demonstrated that murine

skin mast cells appear not to express the NK1 receptor,12

we did not investigate the effect of the NK1-RA in the

present study.

Figure 6. The effect of stress on the percentage of degranulated (� acti-
vated) mast cells calculated from the total number of mast cells (mean �

SEM) in dermis (A and B) and subcutis (C and D) in CBA/J (A and C) or
C57/BL6 (B and D) mice. Exposure to stress 2 days before assessment led to
a significant increase of degranulated mast cells in murine dermis and
subcutis in both strains. Injection of SP mimicked the effect of stress in
nonstressed control mice. The number of mice per group is given in the bars.

810 Arck et al
AJP March 2003, Vol. 162, No. 3



Figure 7. A: Mostly nonactivated mast cells in dermis of nonstressed C57BL/6 mice (dark purple staining). B: A magnification of the region marked in A with the stippled
line. No extracellular granules are present in the vicinity of the resting mast cell, as pointed out by the white arrow. C: Stress exposure caused an increase in activated
(degranulated) mast cells in dermis. The region magnification indicated in C and presented in D shows a representative example of an activated, degranulated mast cell
with more than eight extracellular granules, as indicated by the purple arrow. E–H: Fluorescence immunohistochemistry of SP nerve fibers (delicate red lines) in the
dermis (bulge area) of nonstressed mice is presented in E. A mast cell appears in bright green. F: SP nerve fibers in the dermis (bulge area) of a mouse exposed to stress.
In this section, an increase in mast cell number can also be observed. Interestingly, we frequently observed SP-positive nerve fibers in the direct vicinity (�2 �m) of mast
cells in dermis and subcutis (G) of stressed mice. H: Higher magnification of the stippled square in G.
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Discussion

Extending our previous pilot study in telogen mouse
skin,12 we show here for the first time that a well-defined
psychoemotional stressor indeed alters actual HF cycling
in vivo, ie, prematurely terminates the normal duration of
hair growth in mice and up-regulates apoptosis and del-
eterious inflammatory events in and around the murine
HFs. This provides the first solid pathophysiological
mechanism for how stress may actually cause telogen
effluvium and/or may even be involved in triggering the
development of alopecia areata: 1) induction of prema-
ture catagen induction; 2) up-regulation of keratinocyte
apoptosis in the hair bulb and bulge, the most damage-
sensitive epithelial component of the HF; 3) induction of
mast cell degranulation; 4) attraction of potentially dam-
aging perifollicular infiltrates of activated macrophages
home in on the bulge, the site of HF epithelial stem cells,
thus reflecting an immunoactivation.

Furthermore, we show that most hair growth-inhibitory
effects of stress can be imitated by the prototypic stress-
related neuropeptide, SP, and, with respect to premature
catagen onset, increased apoptosis and MHC class II�

cell infiltrates, can be counteracted effectively by co-
administration of a specific SP receptor antagonist.

To date, SP has been implicated in diverse pathophysi-
ologies, especially diseases of the central nervous system,
which have been examined in the greatest detail.21,54,55

Although SP is best known as a pain-mediating neuropep-
tide, it also controls various behavioral, neurochemical, and
cardiovascular responses to stress26,27,55–58 and exerts a
wide range of immunomodulating properties.55,59–61 The
development of small molecule antagonists of the SP-
preferring tachykinin NK1 receptor during the past
decade32,49 offers an important opportunity to exploit these
molecules as novel therapeutic agents for hair growth dis-
orders. In addition, recent clinical trials have confirmed the
efficacy of NK1 receptor antagonists to alleviate depression
and emesis but, surprisingly, not pain.62 In the future, clin-
ical trials, targeted to appropriate patient populations, ie,
patients with telogen effluvium or alopecia areata, may

establish the therapeutic potential of novel neuropeptide
ligands in such hair growth disorders.

In the present study we compared a well-established
CBA/J mouse model for stress-related research (based
on activation of the immune system and hypothalamo-
pituitary-adrenal axis),16,23 with the in hair research
widely used mouse strain C57BL/6.14,40,41,47 Published
data indicate that different strains of mice react differently
to various methods of stress application, ie, restraint
stress affects C3H/HeJ, however, CBA/J or A/J mice
proved resistant to restraint stress.16 By contrast, noise
stress would affect CBA/J mice and C57BL/6 mice, both
of which have been used in the present study.16,63 Com-
paring different strains in stress models, one might further
question the hearing ability of the genetically different
strains of mice, particularly when an audio stressor has
been used. In our present study we observed that both
strains, CBA/J and C57BL/6, showed high similarities in
their response to stress/SP and skin immune environ-
ment. This is supported by published data indicating that
C57BL/6 mice at the age of 6 weeks, as used in the
present study, showed the same susceptibility to noise
than CBA/J mice at the same age.64

An important focus of research on stress-induced hair
growth inhibition is to identify stress-vulnerable areas of
the HF. One such area might be the residence of stem
cell areas within the skin, because stem cells are vital for
the homeostasis of self-renewing tissues and their ma-
nipulation may have wide-ranging consequences.49 Ro-
dent HF stem cells have been localized to the follicle
bulge, whereas the location of human HF stem cells is
less clear, and their characterization has been hampered
by a lack of cellular markers for the bulge area.49 These
cells acquire the ability to produce a new hair.65 The
up-regulation of TUNEL� cells in this key area of the HF,
the bulge, by stress, as observed in the present study, is
particularly striking because this region is one of the most
sensitive targets for hair growth inhibitory agents and an
abnormally high number of apoptotic cells in the epithe-
lial stem cell region of the bulge carries the risk of per-
manent HF loss by programmed organ deletion.15,40 This
observation further supports our previously published
data on increased signs of apoptosis in stressed mice
with all HFs in resting telogen stage.12 Thus, we propose
that such delicate area as the bulge region of the cycling
HF is one key target for immune cells, particularly acti-
vated macrophages and mast cells, activated by sys-
temic stress mediators and that have the potential to
damage the HF morphology by up-regulation of apopto-
sis through the secretion of inflammatory cytokines, ie,
tumor necrosis factor-�, interleukin-1�, and interferon-
�.66–69 Longitudinal studies are now required to eluci-
date if a stress-triggered attack of HF stem cells would be
associated with permanent or reversible hair growth in-
hibition. Further, based on our current data, we cannot
differentiate whether the apoptotic cells in the bulge re-
gion are really stem cells or may be transient amplifying
cells. Therefore we hope that the findings of the present
study may foster research with label-retaining cells,70

which would tell us whether we are dealing with stem
cells or not.

Figure 8. A: Stress exposure significantly up-regulates number of SP nerve
fibers/visual field in dermis of C57BL/6 mice. B: A tendency of up-regulation
could also be observed in the subcutis.
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Clinical experience has long suggested that psycho-
logical factors play a role in triggering or exacerbating
hair loss.1,3,71,72 The present study now reports the first
experimental evidence available in the literature that psy-
choemotional stress indeed negatively affects the cycling
activity of HFs as well as their immune environment in

vivo, thus strongly suggesting the concept that stress-
induced hair loss is a clinical reality that should and can
be treated. Once confirmed for the human system, the
data presented here together with the recent emergence
of NK1 antagonists as promising anti-depressants, SP
receptor antagonists might serve a dual clinical role, ie,
for alleviating both stress-induced hair loss itself, and
secondary the depressive mood that comes with it.
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